| INTRODUCTION
Asthma is a substantial worldwide public health and financial burden.
Thus, it is essential to understand the underlying pathogenic mechanisms of allergic sensitization to enable the development of more effective therapy. The majority of asthma cases that persist into adulthood are associated with early life exposure and sensitization to one or more airborne allergens. 1 This exposure is of particular concern for children living in low-income, inner-city communities, where cockroach exposure represents one of the main risk factors associated with asthma morbidity. 2 There is growing evidence that proteolytic enzymes present in the inhaled allergens can play an important role in the development of allergic sensitization. An important role for specific allergen proteinases was first appreciated when potent immunogenic antigens from the house dust mite (Dermatophagoides pteronyssinus), a major asthma risk factor allergen, were found to have structural homology to cysteine (Der p 1) 3 and serine proteinases (Der p 3: tryptic Der p 6: chymotryptic and Der p 9: collagenolytic). 4 A number of diverse environmental allergens have since been found to contain proteolytic activity, including several species of moulds, 5 pollens, 6 the German cockroach (Blattella germanica) 7 and the American cockroach (Periplaneta americana), 8, 9 amongst others. Previous work suggests that, similar to the house dust mite allergen, the proteinases in these other allergen sources may contribute to their allergenicity. 10 In previous work with Der p-allergen-derived proteinases, we found that the two principle proteinases can stimulate asthmaassociated cytokine production in target cells by mechanisms that are either PAR2-dependent (Der p 3, serine proteinase) or PAR2-independent (Der p 1, cysteine proteinase). 11 We therefore hypothesized that for the cockroach allergens, proteolytic activity in the preparation used for clinical testing might play a role in its ability to synergize with other allergens to cause sensitization. Indeed, in keeping with the cloning of a serine proteinase from the German cockroach by Ock and colleagues, 12 we found that the cockroach extract used for clinical testing contains three proteinases that are selectively labelled with a biotinylated serine proteinase activity-based probe (ABP: figure 4 in ref. 13 ); and we determined, using a murine sensitization model, that blocking PAR2 activation with an antagonist antibody can mitigate the cockroach extract-induced allergic response, including a reduction in specific IgG1 production. 13 Further, we established firstly that the mixture of cockroach allergen enzymes can activate signalling via proteinase-activated receptor 2 (PAR2) and secondly that blocking PAR2 activation with an antagonist antibody can mitigate the allergen-induced allergic response including a reduction in immunoglobulin IgG production. 13 However, we did not know at the time which of the three serine proteinases (if any) present in the cockroach allergen was able to regulate PAR2 activity and thus to contribute to the sensitization process. Our aim was therefore to isolate each of the three enzymes present in a German cockroach extract allergen used for clinical testing, characterize them biochemically, determine their amino acid sequences and evaluate their ability to signal via PAR2.
| MATERIALS AND METHODS

| Cockroach allergen extract
German cockroach extract (CE), used for clinical testing, was purchased from Greer Laboratories (catalogue #XPB46D3A4; Lenoire, NC, USA). Each vial of the extract was reconstituted in 5 mL 10 mmol/L Tris-HCl pH 7.2. The reconstituted extracts were dialysed against 10 mmol/L Tris-HCl pH 7.2 at 4°C for 2 hours using Novagen D-Tube Maxi dialysers (catalogue #71509; EMD Millipore, Darmstadt, Germany) with a molecular weight cut-off of 6-8 kDa to remove small molecule contaminants in the extract. This dialysed allergen extract was used for all subsequent biochemical procedures as described in the following paragraphs.
| Cockroach frass
Frass harvested from the speckled cockroach (Nauphoeta cinerea)
was provided by Dr. Samantha Ross of the Defense Science and
Technology Organisation, Melbourne, Australia. 10-g aliquots of the frass were shaken in 50 mL of distilled water for 4 hours at 4°C to extract the soluble fraction containing proteolytic activity. extract was interpolated from the fluorescence (y-axis) vs U/mL concentration (x-axis) curve generated from the trypsin standard curve.
| Cleavage of fluorogenic substrates for enzyme kinetic measurements
| Determination of protein concentration
Protein levels of each of the extracts were measured in a 96-well microtitre plate assay using a bicinchoninic acid (BCA) protein assay kit (Pierce; Thermo Scientific, Rockford, IL, USA). Protein concentrations were determined using a bovine serum albumin (BSA; aliquots provided in the kit)-generated standard curve.
| ABP labelling
A trypsin-specific, biotin-tagged biotin-linker-Pro-Lys-diphenyl phosphonate ABP was used to label the active serine proteinases in the crude extract specifically and covalently, essentially as described pre- 2.10 | Avidin affinity chromatographic purification of activity-based probe-biotinylated enzymes
Each enzyme was purified for mass spectral sequencing after reaction with the biotinylated activity-based probe. 1 mL of the crude extract (~200 U total trypsin-like activity) was first passed through a DEAE-sepharose anion-exchange column (DEAE Sephacel; Pharmacia, Stockholm, Sweden), and a crude isolation of each enzyme was achieved with a batch elution method. 5 mL of DEAE-sepharose slurry was poured into a column (1 9 2.5 cm) and allowed to settle. ) was done using the EMBL-EBI Clustal
Omega online multiple sequence alignment tool that also generates the per cent identity matrices (http://www.ebi.ac.uk/Tools/msa/c lustalo/). 15 The three B. germanica enzyme sequences were also compared in the same way for sequence alignment with the other Blattella antigen sequences in the database (Bla g 1 and Bla g 2) as
well as the sequences of the dust mite proteinases, Der p 1, Der p 3
and Der p 6.
| Tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS)
Mass spectral analysis was performed by the staff at the Arizona Proteomics Consortium at the University of Arizona, Tucson, using previously published approaches. [16] [17] [18] Excised Coomassie-stained protein gel bands following 1D SDS-PAGE were digested with POLLEY ET AL.
| 949 chymotrypsin (10 lg/mL) at 37°C overnight. LC-MS/MS analysis of in-gel chymotrypsin digested-proteins was done using a LTQ Orbi- 
| Mapping cleavage of the PAR2-derived N-
terminal tethered ligand-containing sequence using HPLC-mass spectroscopy A synthetic peptide representing the N-terminal extracellular sequence of rat PAR2 was synthesized (Table 2 ) and evaluated for hydrolysis by the purified cockroach serine proteinases, as described previously. 20, 21 Peptides derived from the N-terminus of PAR2
(100 lmol/L in a total volume of 150 lL) were incubated with enzymes (2 U/mL trypsin-like activity) for up to 30 minutes at 37°C.
Reactions were stopped by adding 150 lL of ice-cold 0.1% trifluoroacetic acid (TFA) in water. The cleavage products were identified by HPLC separation and isolation of the proteolysis products followed by mass spectral MALDI identification of the peptide fragments in the quantified HPLC peaks. 
| Statistical analysis
All data are presented as meansAESEM. Comparisons of two or more conditions to an untreated control were performed using a one-way ANOVA test, with Dunnett's test to correct for multiple comparisons. Significance was assumed with a P value ≤.05.
3 | RESULTS
| Cleavage of different fluorogenic substrates by crude cockroach allergen extract
In preliminary experiments, we found that the crude dialysed cockroach allergen extract (0.5 U/mL trypsin-like activity, using the QAR- Further fractionation on a size-separation column resulted in a substantial loss of enzyme activity and did not yield fractions with purities much greater than those recovered from the High-Q column (not shown).
As only a single active ABP-labelled enzyme was recovered in each of the E1, E2 and E3-containing fractions from the High-S column, these fractions were deemed of sufficient purity for evaluating the ability of each enzyme to signal via PAR2. The higher purity fractions obtained from the High-Q column had lower concentrations of active enzymes, and so were not appropriate for use in the PAR signalling assays. However, the high-Q-purified fractions had sufficient enzyme activity to be used to assess the kinetic properties of the three enzymes using different substrates (Km) and chemically distinct inhibitors (IC50), as summarized in the following section.
| Biochemical characterization of enzymes E1, E2 and E3
The characteristics of each enzyme were determined by measuring the Km's for three distinct serine proteinase substrates (QAR-AMC, FVR-AMC and GGR-AMC), which are routinely used to measure the activity of trypsin, thrombin and urokinase, respectively. Each of the three cockroach enzymes was found to have comparable Km's for the trypsin-preferred substrate, QAR-QMC, but differential Km values with the substrates FVR-AMC and GGR-AMC ( Table 1 ). The three enzymes also were inhibited with distinct IC50's by the inhibitors, SBTI and TLCK (Table 1) . Thus, the three cockroach allergen serine proteinases were quite different in terms of (1) Chromatographic elution profiles, (2) substrate Km's and (3) inhibitor IC50's.
Our next aim was to compare the three enzymes isolated from whole cockroach with those detected in frass and ultimately to determine their amino acid sequences.
F I G U R E 2 Cation-exchange fractionation of total cockroach extract. (A)
The crude allergen extract was passed through a High-S cation-exchange column using a salt gradient (dashed lines, righthand y-axis) and collected in 1 mL fractions (x-axis). Enzyme activity was tracked with the QAR-AMC substrate (black line, left y-axis), and protein was estimated by absorbance at 280 nm (red line, right y-axis). (B) Active fractions were labelled with activity-based probe (ABP) (left blot), revealing isolated E3 (fraction 4), E2 (fraction 6) and E1 (fractions 19-21). The total protein of each fraction resolved by SDS/PAGE was stained with SYPRO Ruby (right image)
| Characterization of serine proteinases in cockroach frass
Because the aerosolized environmental cockroach-derived allergens to which individuals become sensitized may be more due to the frass deposited in a locale rather than from the aerosolized residue from intact dead insects, we were interested to compare the enzymes present in the cockroach extract used for clinical testing with the enzyme present in cockroach frass. For practical reasons, it was unfortunately necessary to use frass obtained from a cockroach species different from the one used to prepare the cockroach extract.
Notwithstanding, the ABP labelling procedure revealed only one biotinylated enzyme in the frass (Figure 4) . The frass enzyme aligned in the SDS/PAGE gel in the 24-to 26-kDa region of the gel, along with enzyme E1 from the total body extract obtained from our Greer supplier ( Figure 4A ). Proteolytic activity from the frass extract, like E1 from the total body extract, was eluted in the low-salt non-binding fractions from a High-Q anion-exchange column (compare Figure 4B with Figure 3A ). The properties of the frass-derived enzyme were closest to those of enzyme E1; but frass enzyme F1
was distinct from E1 in terms of its sensitivity to SBTI, although the sensitivity of the two enzymes for inhibition by TLCK was comparable ( Figure 4C ).
| The cockroach enzymes mimic trypsin
cleavage of the synthetic PAR2 tethered ligand sequence
As shown in Table 2 , all of the cockroach enzymes cleaved the synthetic PAR2 peptide representing the cleavage-activation sequence of rat PAR2 at arginine 36, the conventional activation site of PAR2 unmasked by trypsin in PAR2 found in all species to date, including humans. This cleavage reveals the PAR2 receptor-activating tethered ligand sequence, SLIGRL. Thus, all of the three enzymes E1, E2 and F I G U R E 3 Anion-exchange chromatography of isolated cockroach enzymes. (A) Concentrated High-S fractions containing each isolated enzyme were applied separately to a High-Q anion-exchange column (panels A, B and C) and eluted with a salt gradient (dashed lined) as outlined in Experimental Procedures. Enzyme activity (U/mL: solid lines) in the eluted fractions (numbers at bottom of chromatograms) was monitored by measuring the cleavage of QAR-AMC. Peak fractions containing enzyme activity (numbers at top of gels: D, E and F) were analysed by SDS/PAGE to visualize total protein (SYPRO Ruby total protein stain shown on the left side of each image pair) and by activitybased probe (ABP) biotinylation followed by SDS/PAGE-avidin blot detection to detect each serine proteinase (E1, E2 and E3: panels D, E and F, respectively). This staining reveals a high degree of purity for each enzyme, labelled with the ABP (right side of each image pair). ABP labelling showed that each of the three enzymes E1, E2 an E3 was separated from the others by the chromatographic procedure E3 would be expected to generate PAR2 signals like those caused by trypsin.
3.7 | Amino acid sequences of enzymes E1, E2 and E3: mass spectral analysis of chymotryptic cleavage fragments deconvoluted with sequences obtained from a cockroach expressed sequence tag library
For mass spectral sequencing of enzymes E1, E2 and E3, we found it necessary to improve the yield of enzyme from a cation-exchange column prior to ABP-biotinylating the three enzymes in preparation for avidin-sepharose affinity purification. Preliminary separation of the three enzymes was thus achieved using a DEAE-sepharose ionexchange column. The three DEAE-sepharose fractions (DEAE1, DEAE2 and DEAE3) which contained the three enzymes, E1, E2 and E3, respectively ( Figure 5A,B) , were then biotinylated with the activity-based probe ( Figure 5A ) for further isolation using streptavidinsepharose. Each biotinylated enzyme was applied to the streptavidin column and the unadsorbed and eluted protein for each preparation was analysed by SDS/PAGE. This approach yielded in the streptavidin column-eluted fractions, a SYPRO Ruby-stained band for each of fractions DEAE 1, DEAE 2 and DEAE 3 that corresponded to the mobilities of each of the ABP-labelled enzymes ( Figure 5C ). These bands were excised individually from the gel for mass spectral sequencing as described in the Methods section.
The mass spectral data for the chymotryptic cleavage products of the proteins recovered from the streptavidin affinity column were matched with three trypsin-like sequences found in the cockroach EST library: CL9Contig1, CL1Contig8 and CL53Contig1. Analysis of the mass spectra generated from multiple chymotryptic peptides generated from the three individual gel bands revealed that each EST sequence was found with 100% probability in the three samples: E1 was found to match to CL1Contig8, E2 matched to CL53Contig1, and E3 matched to CL9Contig1 ( Figure 6 ). The sequences of the three B. germanica enzymes were highly homologous with about an 80% identity found between enzymes E2 and E3 (Table 3) . Enzyme E1 had about a 55%-60% sequence identity with enzymes E2 and E3. Enzymes E2 and E3 also showed a 71% The Km's for three different substrates (glutamine-alanine-arginine (QAR)-aminomethylcoumarin (AMC), phenylalanine-valine-arginine (FVR)-AMC and glycine-glycine-arginine (GGR)-AMC) and the IC50's for two distinct inhibitors (soya bean trypsin inhibitor (SBTI) and Na-tosyl L-lysine chloromethylketone (TLCK)) were determined as described in Experimental Procedures. Values represent the meanAESEM; n=3. sequence homology with the P. americana cockroach proteinase previously cloned (Per a 10: Table 3 ), 9 whereas enzyme E1 showed a 58% sequence homology with the P. americana enzyme. In contrast, the three isolated serine proteinases (E1, E2 and E3) showed only a 20% sequence homology with the B. germanica aspartic proteinase allergen, Bla g 2 and a 14% homology with the Blattella antigen Bla g 1, which itself has only an 18% sequence homology with Bla g 2 (Table 3) . Similarly, the proteinases we sequenced had only a 20% homology with the dust mite allergen cysteine proteinase, Der p 1, but there was a much higher degree of homology (40%) with the dust mite serine proteinase Der p 3, which is able to activate PAR2 11 and Der p 6 (30%), which like Der p 3 is also a serine proteinase (Table 3 , bottom two rows). Of note, the sequence in the vicinity of the key amino acids in the tryptic catalytic triad, histidine, aspartic acid and serine were conserved in all of the insect trypsin-related enzymes (Table 3 , Figure 10 and sequences not shown).
| Activation of calcium signalling via PAR2
Each isolated enzyme was found to elicit a Ca 
Cleavage of the synthetic peptide representing the N-terminal rat PAR2 sequence by enzymes E1, E2 and E3 (bottom) generated the peptide representing the PAR2 tethered ligand sequence (underlined in red), as identified by the procedures outlined in Experimental Procedures.
F I G U R E 5 Affinity chromatography isolation of biotinylated cockroach proteinases with avidin-linked sepharose. (A) The crude extract was passed through a DEAE-sepharose column and proteins collected in a batch elution method (DEAE 1-50 mmol/L NaCl; DEAE 2-250 mmol/ L NaCl; DEAE 3-500 mmol/L NaCl). (B) The specific activity of each fraction is summarized in the table. (C) Concentrated fractions from the DEAE-sepharose column were biotinylated with activity-based probe (ABP) and applied to avidin-conjugated sepharose beads followed by SDS/PAGE analysis of the unbound and avidin bead-bound proteins. SYPRO staining of the unbound vs bead-bound proteins is compared with the starting DEAE fractions. Bands from the eluted avidin beads, visible in the range of the enzymes (~20-28 kDa), were excised and sent for mass spectral sequence analysis (indicated by red arrows). Free avidin released from the affinity beads by the elution procedure shows as a biotin-binding protein in the 15-kDa region PAR2 receptor by exposure to an excess of the PAR2-selective agonist, 2fLI (red tracings, Figure 7A -C; summarized by histograms in Figure 7D ). Thus, all three enzymes in principle can contribute to ability of PAR2 to enhance the allergic response. 13 The purification method that we developed using the activitybased probe to biotinylate the trypsin-like enzymes specifically in the crude extract and to purify the tagged enzymes using streptavidin-linked beads in amounts sufficient for mass spectral sequencing may be applicable in the identification of proteolytic enzymes in other allergens for comparison with the enzymes we describe here.
Enzymes E2 and E3 are closely related to the proteinase (bgtryp-1) previously cloned by Ock et al. 12 with a sequence identity of 80% and 97%, respectively. Very possibly enzyme E3, which differs slightly in sequence from bgtryp-1, is the same as bgtryp-1, but may represent a genetic polymorphism that can exist within the species.
Our finding of three trypsin-like proteinases in the cockroach extract complements the identification of a single enzyme (Per a 10) from P. americana extracts isolated using a benzamadine affinity column. 8, 9 The B. germanica enzymes E2 and E3 exhibit 71% sequence F I G U R E 6 Amino acid sequences of enzymes E1, E2 and E3. The three sequences identified in the EST library (CL1Contig 8, CL53Contig1 and CL9Contig1) matched with 100% probability to the mass spectrally determined sequences obtained for the purified cockroach enzymes (E1, E2 and E3, respectively). The green lines underneath the sequences represent peptides that matched, with green representing 99% probability and red representing 95% probability based on an analysis of Sequest XCorr scores The per cent identities (% identity matrix) between the three enzymes isolated from the German cockroach (E1, E2 and E3) and that cloned from Periplanata americana (Per a 10) are compared with each other and with the sequences of the other insect antigens from Blattella (Bla g 1, Bla g 2) and dust mite (Der p 1, Der p 3 and Der p 6) found in the database. The % identity was calculated from their sequence alignments, for example Figures 6 and 10 , as outlined in Experimental Procedures. ND=not determined.
identity with Per a 10, whereas the E1 enzyme has a 58% sequence identity ( Figure 10 and Table 3 Figure 10 ) and all cockroach proteinases have six conserved cysteines, which are the same as those found in all trypsins ranging from human trypsin-1 to Drosophila trypsin-alpha ( Figure 10 ; not shown for trypsin-alpha). Clearly the three Blattella serine proteinases we have isolated differ considerably from the Blattella aspartic acid proteinase antigen, Bla g 2 22 and the other antigen, Bla g 1. Of note, the insect trypsins, which retain the conserved catalytic triad amino acids, lack two conserved cysteines found in all mammalian trypsins, one of which is just seven residues C-terminal to the zymogen activation sequence and the insect trypsins also lack two additional cysteines found in human trypsin-1 and mesotrypsin. Notwithstanding, overall, the disulphidemaintained conformation of all of the enzymes due to the six conserved cysteines would be expected to expose both common and distinct antigenic sites. Given the demonstrated reactivity of Per a 10-sensitized human subjects in terms of their intradermal response, IgE immunoreactivity and Per a 10-stimulated histamine release by peripheral blood leucocytes, 8, 9 it is possible that there may be crosssensitization to enzymes from all cockroach species and also possibly to mammalian and fish trypsins to which agricultural and fish plant workers are exposed. 23, 24 Whether or not the insect serine proteinases represent significant allergens themselves, the ones we have studied so far all appear to be able to signal via PAR2. Thus, all of the enzymes E1, E2 and E3 in isolation would be able to synergize with other allergens in the cockroach extract to trigger the allergic process.
Interestingly, the single enzyme we found in the frass of the speckled cockroach (Nauphoeta cinerea) aligns with enzyme E1, both in migration in a SDS/PAGE gel (thus, suggesting similar molecular weights), and in passage through an anion-exchange column, suggesting common charge properties. Although the frass enzyme inhibitor kinetics are distinct from those of the E1 enzyme, the frass enzyme appears to be more homologous with the German cockroach E1, and not with the previously cloned German and American cockroach trypsins (E3 and Per a 10). One possibility is that the frass contains an E1-like enzyme that has been partially processed by intestinal digestion prior to excretion. However, more likely, the species differences in the enzyme sequences between the German cockroach (B. germanica) and the frass source (Nauphoeta cinerea)
may account for these differences in biochemical properties. Unfortunately, we were unable to obtain German cockroach frass for a direct comparison; and we were not able to obtain sufficient quantities of the enzyme from Nauphoeta frass for sequencing. Further work with the frass-derived enzymes is warranted, because the frass may represent the major source of environmental cockroach allergens.
Ideally, we were aiming to isolate amounts of the three German cockroach enzymes that would enable us to evaluate their impact individually on sensitization in vivo, using our intranasal allergen challenge model. 13 Unfortunately, the abundance and enzyme activities of the purified E1, E2 and E3 fractions were not sufficient for the in vivo assays. Nonetheless, by identifying the EST sequences in the cockroach library that correspond to each serine proteinase, it may now be possible to express each cockroach enzymes recombinantly to evaluate their effects in vivo. This approach would help to distinguish the importance of the immunogenic properties of the enzymes themselves vs the ability of the enzymes to trigger epithelial PAR2 signalling events that amplify the allergen-induced response. Based on the data obtained with Per a 10, which is antigenic in humans, 8, 9 and given the considerable sequence identity of Per a 10 with enzymes E1, E2, and E3, we expect that sensitization to Per a 10 will also confer sensitivity to all three of the enzymes we have isolated from the German cockroach (and vice versa).
Our data show that each of the cockroach serine proteinases cleave and activate PAR2 in a manner similar to that of porcine trypsin, the conventional "agonist" enzyme used for activating PAR2.
Thus together, the enzymes in the cockroach extract activate both the calcium (Gq) and MAPKinase-ERK1/2 arms of the PAR2 signalling cascade in concert with triggering PAR2-beta-arrestin interactions. We thus propose that common signal transduction pathways triggered by PAR2 can be involved in the driving the allergic process F I G U R E 1 0 Sequence alignment of German cockroach trypsinlike enzymes E1, E2, E3 and Periplaneta americana serine proteinase, Per a 10. Using the Clustal W multiple sequence alignment procedure, the three sequences of enzymes E1, E2 and E3 described in the text are aligned along with the deduced sequence of Per a 10 (labelled: Pera10) described previously. The boxes indicate for all of the enzymes, the common proenzyme cleavage-activation site (R/ IVGG: first row of sequences) along with the regions of identical sequences in the vicinity of the key histidine, aspartic acid and serine residues (H: second row, D: third row, S: fifth row) that comprise the serine proteinase catalytic triad as found in mammalian trypsin. The symbol * below the sequences denotes amino acid identity for all enzyme sequences by allergen-containing trypsins. Thus, both the enzyme activities themselves and their common signal pathways represent potential therapeutic targets to block the induction of lung epithelium-derived inflammatory mediators in the allergen-exposed airway.
In summary, our work has identified the three key PAR2-regulating trypsin-like serine proteinases present in the German cockroach extract that can, as a combined stimulus, amplify the allergenic response. Whether these enzymes themselves trigger the same kind of immune response as the allergens Bla g 1 and Bla g 2 remains to be determined. Nonetheless, by blocking the activity of these three enzymes along with targeting their PAR2 signal transduction pathways, it should in principle be possible to attenuate the allergenic asthma-generating actions of cockroaches.
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Glossary: ABP, serine proteinase-targeted activity-based probe; AMC, aminomethlylcoumarin; amino acids are designated by their one-letter codes, for example A=alanine; F=phenylalanine; BRET, bioluminescence resonance energy transfer; CE, defatted aqueous cockroach extract of intact Blattella germanica provided by Greer; CF, Nauphoeta cockroach frass; KNRK, Kirsten virus transformed rat kidney-derived epithelial cell line; PBS, phosphate-buffered isotonic saline, pH 7.4; PBST, PBS supplemented with 0.1% Tween-20; PAR, proteinase-activated receptor (PAR1, PAR2); SBTI, soya bean trypsin inhibitor; TFA, trifluoro-acetic acid; TLCK, N-a-tosyl L-lysine chloromethyl ketone
